The phytosynthesis of nanoparticles is a green chemistry approach that combines nanotechnology and bioactive compounds of plants. The aim of this study was to evaluate the effect of silver nanoparticles (AgNPs) from Prosopis glandulosa and Pluchea sericea, respectively, on the control of Fusarium solani previously inoculated in the rhizosphere of transgenic insect-resistant cotton plants. The results showed that the weekly application of AgNPs from P. glandulosa and P. sericea caused a diminution of fungal propagules in the soil after 30 days of treatment. In this sense, the AgNPs from P. glandulosa were more efficient in the reduction of infection points in the roots of the plants infected with F. solani compared with AgNPs from P. sericea. Additionally, the application of AgNPs from both plants showed a significant increase of optimum quantum yield (Fv/Fm), stomata conductance (g s ), and the number of lateral roots in transgenic insect-resistant cotton plants after 30 days of exposure when compared to the control. Based on our results, AgNPs from P. glandulosa and P. sericea could inhibit growth of Fusarium solani. However, more extensive and elaborate studies are needed to explain the different mechanisms that participate in the inhibition of growth of fungus using nanoparticles from these plants.
Background
Cotton (Gossypium hirsutum L.) is the most economically important crop in the global textile industry and constitutes more than half of all textile fiber consumption worldwide (Karademir et∼al. 2011) . A great achievement in cotton breeding was the development of transgenic pureline varieties or hybrids containing the crystal (cry) genes of Bacillus thuringiensis (Bt) encoding insecticidal proteins (δ-endotoxin) that provide protection from lepidopteran pests (Terán-Vargas et∼al. 2005) . The adoption of Bt transgenic cotton varieties in countries as Argentina, Brazil, Colombia, and Mexico helped to reduce the cost of insecticide applications and increased yield of this crop (Terán-Vargas et∼al. 2005) . For example, Mexico has adopted this new technology, and 9 years after commercial release, Bt transgenic cotton reached 133,000 ha planted in Mexico in 2015/16 according to the Agrifood and Fisheries Information Service (SIAP) of the Secretariat of Agriculture, Livestock, Rural Development, Fishing and Food (https:// www.gob.mx/siap/). However, the presence of fungal phytopathogens during the development of plants is very important because these organisms can lead to wilt or root rot disease that causes substantial losses to farmers (AbdElsalam 2003) . Fusarium wilt is an important disease present in cotton plants in diverse countries, which is caused by Fusarium solani (González Soto et∼al. 2015) . These pathogens cause root rot, damping-off symptoms, and reduction in the size of leaves and bolls, which affect the yield and fiber quality (González Soto et∼al. 2015) .
Diverse studies reported the use of different control measures for Fusarium species associated with plants. These measures include the application of agronomic control techniques, genetic resistance, and use of chemical or biological antagonists (Aquino-Martinez et∼al. 2008; Baffoni et∼al. 2015) . Currently, environmental hazards caused by the use of fungicides and the unpredictable results of biological control have been widely debated (Adesina et∼al. 2007 ). Therefore, researchers are searching for alternative measures that together with biological control and optimal use of fungicides provide major control of fungal diseases in plants (Baffoni et∼al. 2015) . In this sense, the use of the antimicrobial activity of nanoparticles could be presented as a potential alternative for reducing the use of chemicals in agriculture. For example, silver nanoparticles (AgNPs) display diverse modes of inhibitory action against various pathogens such as fungi and bacterial species (Yamanaka et∼al. 2005; Lamsal et∼al. 2011) . In this sense, the AgNPs may be used with relative safety for control of fungal diseases in plants compared to synthetic fungicides, as the applications of AgNPs against Fusarium species associated with transgenic insect-resistant cotton has not been reported. Thus, the main objective of the present study was to evaluate the inhibition of fungal growth of F. solani in transgenic insect-resistant cotton treated with silver phytonanoparticles from Prosopis juliflora and Pluchea sericea.
Materials and methods

Germination of transgenic insect-resistant cotton
Bollgard® cotton transgenic seeds were provided by producers of the cotton product system of Baja California, Mexico. The seeds were superficially disinfected by immersion in a 0.5% sodium hypochlorite solution for 3 min followed by washes with sterile deionized water. After disinfection, the seeds were placed in single pots (0.3 L) containing a commercial potting soil mix combined with quartz sand and peat moss sterilized by autoclaving at 121°C for 2 h. The seeds were subjected to 12-h light/dark photoperiods with 60% relative air humidity (Gonzalez-Mendoza et∼al. 2013).
Synthesis of silver nanoparticles
The silver nanoparticles from the leaf extract of Prosopis glandulosa and P. sericea used in the present study were previously obtained by Abdelmoteleb et al. (2016 Abdelmoteleb et al. ( , 2017 . The bioreduction of Ag + ions was observed by color change from yellow to brown, indicating the formation of AgNPs at room temperature. The silver nanoparticles that formed in the reaction solution showed a particle size average from 421 (P. glandulosa) to 59.20 nm (P. sericea) according to Abdelmoteleb et al. (2016 Abdelmoteleb et al. ( , 2017 . The AgNPs of P. glandulosa and P. sericea used in this experiment were previously diluted with deionized water at 100 ppm.
Fusarium solani inoculant formulation
Fusarium solani T-ICA04 was previously isolated from two different sites of transgenic insect-resistant cotton growing in fields of Baja California (32°24′ 12.26″ N, 115°9′ 13.60″ W and 32°28′ 5.63″ N, 115°12′ 11.94″ W). This strain was characterized molecularly and deposited in GenBank with the accession number KJ620372. The formulation of inoculant was produced in potato-dextrose (PDB) broth for 5 days at 28 ± 2°C. The conidial suspension was then quantified by the aid of an automated cell counter (TC20™, Bio-Rad) and diluted with water. Suspensions obtained were mixed uniformly with soil mix combined with quartz sand and peat moss. The soil was allowed to dry for about 3 weeks at room temperature (about 25-28°C). The amount of Fusarium propagules was evaluated by the dilution plate method on PDA agar (González Soto et∼al. 2015) .
Inoculation with Fusarium solani and exposure to silver nanoparticles
Once the seedlings developed a few roots, they were transplanted into single pots (0.2 L) containing a commercial potting soil mix combined with quartz sand, and infested soil with F. solani (prepared as described above) was added in the proportion of 3:1 v/v to the uninfested soil to obtain a final concentration of 1 × 10 5 count g −1 soil of Fusarium solani propagules. After the inoculation, the seedlings were divided into three groups: (1) inoculated (control), (2) inoculated + AgNPs from P. glandulosa, and (3) inoculated + AgNPs from P. sericea. Groups 2 and 3 with F. solani inoculant were weekly irrigated with AgNPs (100 ppm) from P. glandulosa and P. sericea, respectively. The control plants (group 1) were irrigated only with deionized water. The amount of Fusarium propagules in each treatment was evaluated 30 days after application of AgNPs (González Soto et∼al. 2015) . All groups were replicated 10 times and grown in a growth chamber with 12-h light/dark photoperiods with 60-70% relative humidity.
Evaluation of physiological parameters
The stomata conductance (g s ) of young fully expanded leaves was measured at 30 days after exposure to treatments with AgNPs from P. glandulosa and P. sericea, respectively, using a portable leaf porometer (SC-1, Decagon, USA) according to Gonzalez-Mendoza et∼al. (2013) . On the other hand, the chlorophyll fluorescence was measured using a portable chlorophyll fluorometer (OS30p, OptiSciences). It represented optimum quantum yield (Fv/Fm) evaluated at 27°C, and time range was 10 μs to 3 s. For each studied parameter (g s and Fv/Fm), 10 individual leaves-young, completely developed, and healthy-were measured within each treatment.
Evaluation of morphological parameters
After 30 days of inoculation with F. solani, lateral roots (LR) of each seedling treatment were evaluated. The lateral root was classified according to the number of roots of second orders using a stereomicroscope. This variable is an essential and continuous process in the formation of root systems and is important for evaluation in the present study.
Number of lesions produced by the pathogen
The brown lesions characteristic of F. solani infection, observed on the system Radical (Espinosa-Victoria et∼al. 2004), were quantified 30 days after inoculation with the pathogen, with the aid of a stereoscopic microscope, in 10 seedlings of each treatment.
Statistical analysis
The experiment was set up in a completely randomized design with 10 replications. The significant differences between the AgNP-treated and control samples were analyzed using the Kruskal-Wallis test (Statistical Package version 5.5, StatSoft, USA).
Results and discussion
Data showed that addition of AgNPs from P. glandulosa and P. sericea had different effects on the amount of Fusarium propagules in the soil of the different treatments (Fig. 1a) . For example, the highest decrease of fungal propagules was observed after the addition of AgNPs from P. glandulosa to infested soil (Fig. 1b) . In this sense, also the addition of AgNPs from P. sericea stimulated decrease of the Fusarium population but in minor proportion. In contrast, the highest number of Fusarium colonies was obtained from the control samples where AgNPs from the plants were not added (Fig. 1b) . On the other hand, the transgenic insect-resistant cotton plants inoculated with F. solani, and treated with AgNPs from P. glandulosa and P. sericea, respectively, exhibited significant changes in the optimum quantum yield (Fv/Fm) values with respect to the control (Fig. 2b) . The effect of AgNPs from both plants showed a significant increase of stomata conductance (g s ) after 30 days of exposure (Fig. 2a) . In contrast, the transgenic insect-resistant cotton plants inoculated only with F. solani exhibited significant reduction in Fv/Fm and g s values compared with the plants treated with AgNPs (Fig 2) . In the present study, both AgNPs from P. glandulosa and P. sericea caused decreased infection points in roots when compared with control plants (P ≤ 0.05) after 30 days of exposure (Fig. 3) . AgNPs from P. glandulosa were more efficient in the reduction of infection points in the plants infected with F. solani compared with AgNPs from P. sericea. On the other hand, the effect of AgNPs from both plants showed a significant increase of number of lateral roots in transgenic insect-resistant cotton plants after 30 days of exposure when compared to the control (P ≤ 0.05) (Fig. 4a, b) . Previous studies indicated that the antifungal activity in vitro of AgNPs influences colony formation of spores and disease progression of different plant pathogenic fungi (Kim et∼al. 2012) . The results clearly demonstrated that the silver nanoparticles obtained from these native plants have the potential to inhibit F. solani. However, the mechanism behind this activity is not yet fully explored. In this sense, there are various theories suggesting about the action of AgNPs on fungal phytopathogens. For example, certain authors reported that AgNPs produce free radicals which can cause damage to the protein and lipid membrane followed by destruction of microorganisms (Jung et∼al. 2010; Aguilar-Méndez et∼al. 2011; Kim et∼al. 2012) . In this respect, further studies are required to confirm the potential of AgNPs from P. glandulosa and P. sericea for the control of Fusarium solani principally under field conditions. On the other hand, silver nanoparticles are known to produce positive and negative effects on growth and physiological parameters in plants (Stampoulis et∼al. 2009; Zuverza-Mena et∼al. 2016; Jasim et∼al. 2017) . Similarly, Raliya et∼al. (2015) found that the application of nanoparticles from different metals on tomato seedlings after 1 week caused an abnormal proliferation of root hairs compared to the control group. The effect on lateral roots observed in the present study could be explained by the hormesis effect, which is an adaptive response at the concentrations of nanoparticles used and by inhibition of development of pathogenic fungus in the roots by the nanoparticles employed (Nascarella and Calabrese 2012; Xia et∼al. 2016) . On the other hand, previous studies have shown that infection of plants by Fusarium sp. results in a diminution of optimum quantum yield (Fv/ Fm) and stomata conductance (g s ) due to reduced water and nutrient uptake by roots (Ye et∼al. 2004) . In this sense, our study showed that the optimum quantum yield (Fv/Fm) and stomata conductance (g s ) was significantly increased in cotton plants treated with Ag nanoparticles from P. glandulosa and P. sericea, suggesting that the use of nanoparticles prevented the F. solani invasion in the roots favoring water transport in the cotton plants. On the other hand, the increased optimum quantum yield (Fv/ Fm) and stomata conductance (g s ) in cotton plants with respect to the control were in contrast with the report of Da Costa and Sharma (2016) who reported a decrease of Fv/ Fm and g s as a result of nanoparticle exposure in Oryza sativa. However, Li et∼al. (2013) observed that the use of nanoparticles on watermelon increased seedling germination and enhanced physiological parameters. Considering the earlier works, the effect of nanoparticles can vary for different morphological and physiological attributes on plants.
Conclusions
In conclusion, the uses of Ag nanoparticles from P. sericea and P. glandulosa could inhibit growth of F. solani and showed considerable antifungal activity in cotton plants infected with F. solani. Therefore, the application of nanoparticles as nanofungicides is relatively a new approach in agricultural sectors. Therefore, more elaborate studies are needed to explain different mechanisms of growth inhibition of fungus using nanoparticles from the plants and to evaluate economic feasibility of application in field.
